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Abstract	
  
Intui;vely,	
   the	
   integra;on	
   of	
   energy	
   storage	
   technologies	
   into	
   ver;cally	
   integrated	
   u;lity	
   and	
   ISOs/RTOs-­‐scale	
  
systems	
   should	
   confer	
   significant	
   benefits	
   to	
   opera;ons,	
   ranging	
   from	
   mi;ga;on	
   of	
   renewables	
   genera;on	
  
variability	
   to	
   peak	
   shaving.	
   However,	
   the	
   realized	
   benefits	
   of	
   such	
   integra;on	
   are	
   highly	
   dependent	
   upon	
   the	
  
environment	
  in	
  which	
  the	
  integra;on	
  occurs.	
  In	
  this	
  poster,	
  core	
  issues	
  that	
  arise	
  when	
  integra;ng	
  storage	
  devices	
  
into	
  a	
  Market	
  Management	
  System	
  (MMS)	
  are	
  outlined.	
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An	
   MMS	
   performs	
   all	
   core	
   resource	
   scheduling	
   func;ons	
  
associated	
  with	
  power	
  systems	
  opera;ons.	
  Examples	
  include	
  day-­‐
ahead	
   market	
   (DAM)	
   clearing	
   func;ons,	
   reliability	
   unit	
  
commitment	
   (RUC)	
   processes,	
   security-­‐	
   constrained	
   economic	
  
dispatch	
  (SCED),	
  and	
  ancillary	
  service	
  market	
  (ASM)	
  management.	
  
	
  

0 6 12 18 24
0

2000

4000

6000

8000

P
o

w
e

r 
(M

W
)

time (h)
a. No Storage

Generation output at 5% wind penetraiton

 

 

G1

G2

G3

G4

G5

G6

G7

G8

G9

G10

W

L

0 6 12 18 24
0

2000

4000

6000

8000

P
o
w

e
r 

(M
W

)

time (h)
b. Storage

Modeling	
  Energy	
  Storage	
  Devices	
  
The	
  three	
  primary	
  storage	
  processes	
  are	
  illustrated	
  in	
  the	
  figure	
  
to	
   the	
   right	
   where	
   energy	
   is	
   shown	
   as	
   flowing	
   le_	
   to	
   right.	
  
Energy	
   from	
  a	
  generator	
  flows	
   into	
  a	
  storage	
  device	
   through	
  a	
  
conversion	
  system:	
  	
  
	
  
The	
  efficiency	
  of	
  this	
  conversion	
  system	
  can	
  be	
  mathema;cally	
  
represented	
  by:	
  

	
  
The	
   power	
   output	
   of	
   the	
   storage	
   device	
   as	
   a	
   func;on	
   of	
   the	
  
power	
  delivered	
  to	
  the	
  load	
  is:	
  
	
  
The	
  par;cipa;on	
  factor	
  of	
  energy	
  storage	
  can	
  be	
  calculated	
  as:	
  
	
  

Pin =ηin ⋅ Pg

SOC(t) =ηsd ⋅SOC(t −1)

Pout =1/ηout ⋅ PL

accounted for as increased production costs from conven-
tional generators.

In conclusion, storage devices can be integrated into
VIU DAM, RUC, and SCED functions using the above
models, in a straightforward and relatively generic man-
ner. However, there remains the issue of how to allocate
energy storage capabilities across multiple, distinct ser-
vices, e.g., arbitrage throughout the day and load following
and regulation during real-time operation.

One way for energy storage to provide multiple services
is to allow for all services to access energy stored or re-
maining capacity available. However, if the services are
managed in an uncoordinated manner, then some services
may be ‘‘starved’’ due to the limited energy capacity of
storage units. For example, Silva-Monroy describes an ap-
proach to setting SOC targets in the context of a dynamic
or look-ahead (multiperiod) SCED, using hourly targets
obtained from the RUC [9]. Interpolation is employed to
calculate SOC targets at a 5-min resolution. The final SOC
target is formulated as a constraint, allowing variability in
SOC for intermediate time periods in order to accommo-
date intrahour load fluctuations. The net result is in-
creased power system flexibility and an increase in benefits
provided by energy storage to the grid.

Another advantage of employing a multiperiod econo-
mic dispatch is that the optimization captures the value of
stored energy by performing look-ahead, as opposed to
burdening the user with attempting to directly calculate an
appropriate incremental cost curve for storage units, ana-
logous to what is presently performed for conventional
generators. Proper calculation of those energy storage
incremental cost curves necessary for a single-step SCED is
a very difficult task. However, the availability of a rigorous
methodology for conducting such computations is very
desirable, particularly in the context of integrating storage
devices into deregulated markets.

Energy storage can also be employed to provide regula-
tion, i.e., energy used to maintain the load-generation
balance of the grid in near real time (i.e., every few sec-
onds). This contrasts to the SCED, which is executed every
5–10 min. Regulation is performed by an automatic pro-
cess known as automatic generation control (AGC), whose
objective is to rapidly (again, in seconds) make power
output adjustments to select online units with available
head room in order to maintain energy interchange and
system frequency at their scheduled valuesVwhile doing
so in a cost-effective manner. However, due to the fast
turnaround requirements, optimization is not employed
and an approximation is generally used. One such approx-
imation scheme is that of participation factors, which
specify the amount of control action that a generator
should be allocated based on its incremental cost in rela-
tion to the incremental costs of other online units available
for regulation. In other words, the regulation unit with
highest incremental cost should be allocated the smallest
control action and, conversely, the lowest incremental cost

unit should be allocated the largest control action. The
participation factor ! for generator g at a given time step t
is calculated as

!g;t ¼
1

F00g;tP
j2GReg

1
F00j;t

(5)

where GReg is the set of generators participating in regu-
lation with available head room and F00 is the second deri-
vative of the generator cost curve with respect to output
powerVthe slope of the incremental cost curve [10]. Be-
cause energy storage units do not have an intrinsic gener-
ation cost (cost is instead a function of when energy is
charged and discharged), (5) cannot be directly applied to
storage units. This difficulty can be overcome by using
results from two consecutive SCED time steps (t" 1, t)
and calculating the change in energy storage output as a
fraction of the change in total output power across all units
providing regulation. Mathematically, this is given as

!s;t ¼
DPs;tP

j2GReg

DPj;t þ
P

i2SReg

DPi;t
(6)

where s 2 SReg is the set of energy storage units providing
regulation, and DP is the change in output power between
two consecutive SCED time steps, for either generation
j 2 GReg or storage units i 2 SReg [9].

The approach above assumes that energy arbitrage (at
an hourly resolution), load following (at a 5–10-min reso-
lution), and regulation (at a 4-s resolution) functions are
equally important to a utility. However, the basic approach
can be modified in situations where a utility places greater
importance on one or two of these functions. For instance,
by making the final SOC in a multiperiod SCED a soft
constraint, extra flexibility is gained for load following.
Similarly, by increasing the participation factor of a storage
device, a greater emphasis on regulation function can be
achieved.

Lifetime degradation is another important aspect of
storage devices, particularly for battery systems. An energy
storage system composed of lead–acid batteries has a
lifetime equal to approximately 1500 deep cycles (defined
as a drop of 45%–80% of energy relative to the fully
charged state). To avoid rapid degradation, a utility might
impose depth of discharge limits and/or restrict use of a
device to a specific function, e.g., either energy arbitrage
or intrahour balancing with shallow discharge cycles. As
more functions are added, a higher energy throughput is
seen by the battery which is equivalent to a higher number
of cycles over the same time span.
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The	
   figures	
   shown	
   here	
   present	
  
results	
   from	
   a	
   case	
   study,	
  
considering	
   an	
   illustra;ve	
   power	
  
system	
   with	
   ten	
   thermal	
   units	
  
representa;ve	
   of	
   the	
   genera;on	
  
mix	
   in	
   the	
   BPA	
   area.	
   The	
   system	
  
was	
   operated	
   for	
   a	
   one-­‐year	
  
period	
   for	
   several	
   wind	
   energy	
  
penetra;on	
   levels	
  to	
  validate	
  the	
  
models	
  presented	
  above.	
  

Opportuni9es	
  for	
  Market	
  Redesign	
  
Although	
  energy	
  storage	
  devices	
  can	
  be	
  and	
  are	
  integrated	
  into	
  exis;ng	
  ISO/
RTO	
   markets,	
   this	
   does	
   not	
   imply	
   that	
   such	
   integra;on	
   is	
   maximally	
   bene-­‐	
  
ficially	
   to	
   those	
   market	
   par;cipants,	
   or	
   even	
   maximally	
   beneficial	
   to	
   the	
  
market	
   as	
   a	
   whole.	
   FERC	
   Order	
   755	
   requires	
   ISOs	
   and	
   RTOs	
   to	
   implement	
  
performance-­‐based	
   pay	
   for	
   work	
   done	
   by	
   the	
   different	
   resources	
   that	
  
par;cipate	
  in	
  their	
  energy	
  markets	
  and	
  provide	
  ancillary	
  services.	
  	
  
	
  

	
  Looking	
  Ahead	
  
The	
  versa;lity	
  of	
  energy	
  storage	
  devices	
  to	
  func;on	
  as	
  either	
  a	
  load	
  or	
  a	
  generator	
  is	
  currently	
  an	
  untapped	
  source	
  of	
  
flexibility	
   for	
   power	
   systems.	
   Nonetheless,	
   it	
   is	
   that	
   same	
   versa;lity	
   that	
   makes	
   energy	
   storage	
   integra;on	
   into	
  
current	
  market	
  systems	
  a	
  complex	
  task.	
  We	
  will	
  work	
  on	
  measuring	
  market	
  efficiency	
  given	
  these	
  new	
  models	
  and	
  
market	
  structures.	
  
	
  

parameter !in, 0 ! !in ! 1. Assuming the generator and
storage device are located at the same bus, the power input
Pin to the storage device is given as

Pin ¼ !in # Pg (1)

where Pg is the generator power output. For simplicity, we
assume no other load is connected to the bus.

Once energy flows into a storage device, self-discharge
losses occur. These are illustrated in Fig. 2 as a dotted line
connecting input and output power levels in the storage
device. Self-discharge losses depend on the energy levels
and the duration the energy remains stored in the unit.
Specific examples of self-discharge losses are friction in a
flywheel storage system and water evaporation/leakage in
a PHES. The rate of retention of a storage system can be
mathematically represented by the parameter !sd,
0 ! !sd ! 1, which is defined in the context of a given
time step DT. The state of charge (SOC) of a storage
device is defined as the amount of energy stored,
expressed as a fraction of the total energy capacity of
the device. Consequently, 0 ! SOC ! 1. Considering only
self-discharge losses, the unit SOC after one time step DT
is given as

SOCðtÞ ¼ !sd # SOCðt& 1Þ: (2)

As energy flows from the storage system to the load, it
must be transformed into ac electric power via a conver-
sion system. In some cases, a single bidirectional conver-
sion system processes energy both inbound to and
outbound from a storage device. In any case, the effi-
ciency of the output conversion system can be mathe-
matically represented by the parameter !out, 0 !
!out ! 1. Assuming the load and the storage device are
connected to the same bus, the power output Pout of a

storage device as a function of the power delivered to the
load PL is given as

Pout ¼ 1=!out # PL: (3)

Coupled with constraints on maximum energy storage
levels, (1)–(3) can be used to calculate the energy level of a
storage device over time, based on the principle of energy
conservation. Power system operations are generally mod-
eled using discrete time steps, such that power generation
and load are assumed to be constant across a time step.
Given this assumption, a storage device’s SOC at the end of
a time step of length DT is given as

SOCðtÞ ¼ !sd # SOCðt& 1Þ þ DT

Emax
PinðtÞ & PoutðtÞð Þ (4)

where Emax denotes the energy capacity of the storage
device.

Current MMS technology relies on mixed integer lin-
ear programming (MILP) to settle day-ahead and ancillary
service markets, and to solve optimization models asso-
ciated with RUC and SCED. The storage device model
presented above is general enough to represent most stor-
age technologies, and can be easily incorporated in DAM,
RUC, and SCED optimization models by adding (1)–(4) as
constraints, as well as the associated SOC variables. The
latter can be viewed as new decision variables for the VIU,
analogous to the generator dispatch level variables pre-
sently captured in MMS optimization models. Energy and
charge/discharge power ratings must also be modeled via
constraints, as must initial and final (goal) SOC condi-
tions. Final SOC targets are required to avoid end-of-
horizon effects associated with a finite number of scheduling
periods, and are particularly important in intraday opera-
tions. The costs of charging storage devices are explicitly

Fig. 2. Energy is lost when flowing from generation through storage to load.
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Background	
  
This	
   is	
   the	
   second	
   year	
   of	
   a	
   mul;-­‐year	
   effort	
   on	
  
developing	
   new	
   markets	
   where	
   energy	
   storage	
   is	
  
compensated	
   fairly.	
   Next	
   year	
   we	
   will	
   combine	
   the	
  
models	
   introduced	
   here	
   with	
   a	
   new	
   market	
   design	
  
developed	
   in	
   year	
   1	
   	
   to	
   evaluate	
   its	
   efficiency	
   and	
  
impacts.	
  


